ABSTRACT Pramlintide is a 37− amino acid peptide that is being evaluated as a drug candidate for treating people with type 1 and insulin-using type 2 diabetes. Two high-performance liquid chromatography (HPLC) methods were developed for quantitating related substance impurities in pramlintide drug substance as well as degradation products of pramlintide formulated for parenteral administration. The methods differ with respect to separation mode and therefore provide orthogonal information concerning related substances and degradation products. One method uses a reverse phase (RP) separation mode, and the other involves a strong cation exchange (SCX) separation. Method performance testing showed that the RP-and SCX-HPLC methods both afford a high degree of selectivity, accuracy, precision, and sensitivity. The limit of quantitation for determining spiked authentic samples of degradation products was shown to be approximately 0.1% (relative to intact pramlintide) for both methods. Relative retention times for known pramlintide degradation products were determined for both the RP-and SCX-HPLC methods, demonstrating the selectivities of the 2 methods as well as the orthogonality of the information. The methods were also shown to be diastereospecific with respect to separating pramlintide from authentic samples of Disomers at Ala 
INTRODUCTION
Amylin is a 37− amino acid peptide hormone that is produced in the pancreas and co-secreted with insulin in response to serum glucose levels [1] [2] [3] . Pramlintide is a synthetic analog of amylin that retains the biological activity of the hormone while offering superior physical and chemical properties that facilitate drug synthesis and development of a stable drug product for parenteral administration [4] . Pramlintide is being evaluated as a drug candidate for treating people with type 1 and insulin-using type 2 diabetes. The figure also shows the disulfide bridge between cysteines 2 and 7 and indicates the amino acid differences between pramlintide and amylin. Also, the pramlintide sequence contains no free carboxyl groups, even at the amidated C-terminus (tyrosine). All the carboxyl groups in pramlintide are amidated, rendering the molecule cationic (protonated lysine, histidine, and arginine) at acidic pH. Pramlintide may be isolated as a salt with acetate as the counterion.
As with any drug substance, identifying and quantitating low levels of related substance impurities present in synthesis lots was a principal focus of the effort to develop a robust manufacturing process for pramlintide. Missed couplings, double-couplings, and L-to D-amino acid isomerizations are common errors that occur in peptide synthesis to yield, respectively, single-point amino acid deletion peptides, addition peptides, and diastereomers as related substances of the desired molecule. Specifically for pramlintide, the 37− amino acid length severely complicates detecting single amino acid modifications and requires highly selective analytical test methods for purity determinations.
An injectable, multidose liquid formulation was developed for pramlintide, consisting of a pH 4.0 aqueous solution of 0.3 to 1.0 mg/mL pramlintide with m-cresol added as an antimicrobial preservative. Degradation pathways for peptides in acidic aqueous solution frequently involve deamidation at asparagine and glutamine plus hydrolytic backbone cleavage [5] [6] [7] [8] [9] . The 37− amino acid length and the 8 potential deamidation sites of this formulation create a potential for many degradation products that differ from pramlintide by modifications at only a single amino acid.
Considering the foregoing, we undertook to develop high-performance liquid chromatography (HPLC) methods to determine the following: (1) the overall percentage purity of pramlintide (by area normalization) and (2) the percentage of individual related substance impurities and degradation products. The principal method design goals were threefold, namely to (1) develop 2 different methods involving orthogonal separation modes, (2) employ identical sample preparation steps for both HPLC methods, and (3) apply both HPLC methods to drug substance and drug product analysis.
We developed a reverse-phase (RP) HPLC method and a strong cation exchange (SCX) HPLC method for analyzing pramlintide acetate drug substance and pramlintide injection drug product purity. This article describes the operating parameters and demonstrates method performance with respect to overall selectivity, orthogonal separation, and quantitation of related substances and degradation products at low levels in pramlintide acetate drug substance and pramlintide injection drug product.
MATERIALS AND METHODS

Test articles
Pramlintide was produced by either solid-phase or solution-phase synthesis, and isolated as a dry powder in the acetate salt form. Authentic samples of pramlintide degradation products and pramlintide Disomers were similarly prepared. Sterile pramlintide drug product samples were prepared by aseptic processing at 0.3 to 1.0 mg/mL in pH 4.0 aqueous solution with m-cresol added as antimicrobial preservative. The samples were stored in 5-mL glass vials with bromobutyl rubber closures. 
Abbreviations
Sample preparation
Working Reference Standard
Pramlintide working reference standard solutions were prepared (at 0.5 mg/mL in pH 4.0, 30-mM acetate buffer) from a master reference standard of pramlintide acetate whose peptide content was established by quantitative amino acid analysis.
Drug Substance Samples
For both the RP-and SCX-HPLC methods, pramlintide acetate samples were quantitatively weighed and diluted to 0.5 mg/mL in pH 4.0, 30-mM acetate buffer and directly injected (50-µ g on column) for analysis.
Drug Product Samples
For both the RP-and SCX-HPLC methods, pramlintide injection samples were subjected to a solid-phase extraction step to remove mannitol and m-cresol. A 6-mL wide-bore C4 cartridge (Mallinckrodt Baker[Q: Please provide city and state of manufacturer]) was used. The procedure involved conditioning each cartridge with acetonitrile and then equilibrating each cartridge in water. A sample was then injected onto a cartridge, washed with water, and eluted with 40% acetonitrile in 0.1% trifluoroacetic acid (TFA). The collected sample was evaporated to dryness and dissolved in pH 4.0 30-mM acetate buffer at 2 mg/mL.
Force-Degraded Working Reference Standards
For analysis by RP-HPLC, a working reference standard solution was acidified to pH 2 with 0.1 N HCI and heated to 100 ° C for 30 minutes and rapidly cooled to room temperature to yield a solution with approximately 80% intact pramlintide remaining. For analysis by SCX-HPLC, a pramlintide solution made up in 4.5 mM aqueous sodium acetate pH 7.5 was heated to 100 ° C for 30 minutes and rapidly cooled to room temperature to yield a solution with approximately 80% intact pramlintide remaining. This solution was acidified with 15 µ L acetic acid to give a pH 4.0 solution in 30 mM acetate buffer.
Spiked Samples for Determination of Quantitation Limits
A 0.5 mg/mL pramlintide working reference standard solution was prepared as described above. This working reference standard solution was then divided and half was spiked to contain 0.010 mg/mL (ie, 2% of the pramlintide concentration) of each of 6 ], [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , [30] [31] [32] [33] [34] [35] [36] [37] , and pramlintide dimer. The spiked solution was then diluted with the unspiked working reference standard to give solutions containing 0.5 mg/mL pramlintide, and the 6 degradation products at 1.0%, 0.50%, 0.25%, 0.10%, and 0.050% of the pramlintide concentration. 
Spiked Samples for Determination of Recovery After Solid-Phase Extraction
Force-Degraded Drug Product Samples
A 0.3-mg/mL pramlintide injection drug product formulation was maintained for 6 weeks at 40° C to yield a solution containing intact pramlintide at approximately 86% of initial purity (as determined by the RP-and SCX-HPLC methods). This force-degraded sample was maintained at 5° C until analyzed.
Test system
The test system employed Waters (Milford, MA) equipment: Model 616 or 2690 solvent delivery, Model 717 autoinjector (with PEEK low dead-volume kit and refrigerated sample compartment), Model 486 detector, Model 62079 column oven, and either ExpertEase® or Millenium® 2020 integration software from Waters (Milford, MA).
Reagents
Buffers and solvents were HPLC grade or equivalent throughout. Chromatography reagents, sodium perchlorate, potassium phosphate monobasic, sodium phosphate, sodium hydroxide, potassium hydroxide, o-phosphoric acid, acetic acid, and acetonitrile were supplied by Fisher (Springfield, NJ). TFA was supplied by Pierce (Rockford, IL). Table 2 shows mobile phase compositions for the RP-and SCX-HPLC methods. Table 3 shows the gradient profile for the RP-HPLC method, and Table 4 shows the gradient profile for the SCX-HPLC method. 
Method Operating Parameters HPLC Operating Conditions
Mobile Phases
RESULTS
Representative chromatograms
For the RP-HPLC method, Figures 2, 3 , and 4 show representative chromatograms, respectively, for blank, sample, and force-degraded working reference standard solution.
Drug product sample RP-HPLC chromatograms (not shown) are essentially identical to Figure 3 .
Note the large number of degradation product species present in Figure 4 and the excellent resolution of these species from the intact pramlintide peak. For the SCX-HPLC method, Figures 5 , 6 , and 7 show representative chromatograms, respectively for blank, sample, and force-degraded working reference standard solution.
Drug product sample SCX-HPLC chromatograms (not shown) are essentially identical to Figure 6 . As for the RP-HPLC method chromatograms, many degradation product peaks are evident in the force-degraded working reference standard solution (Figure 7 ). Furthermore, comparing Figure 4 with Figure 7 reveals that the SCX-HPLC chromatogram "fingerprint" is distinctly different from the RP-HPLC method fingerprint, indicating significantly different selectivities for the 2 HPLC methods.
Both sets of chromatograms also demonstrate that relatively long isocratic mobile phase regimens and relatively long pramlintide elution times (approximately 60 minutes for RP-HPLC and approximately 50 minutes for SCX-HPLC) are needed to achieve the desired selectivities.
Quantitative method performance
Both the RP-and SCX-HPLC methods were tested to demonstrate method performance with respect to accuracy, linearity, recovery, reproducibility, repeatability, and limits of quantitation. To demonstrate linearity for pramlintide as a function of sample load, pramlintide working reference standard solutions at 0.40, 0.50, and 0.60 mg/mL were assayed and the HPLC area counts recorded. Least squares linear regression of area count versus concentration data demonstrated acceptable linearity for both the RP-HPLC and SCX-HPLC methods. Specifically, the squared correlation coefficient (R 2 value) for RP-HPLC determination of pramlintide concentration was 0.991 and the R 2 value for SCX-HPLC determination was 0.996.
To demonstrate linearity for pramlintide degradation products, a pramlintide standard solution was spiked with authentic samples of 6 known degradation products at 0.05% to 2% of the intact pramlintide and assayed (using area normalization) for degradation product content. Table 5 shows the experimental results for the RP-HPLC method and Table 6 shows the results for the SCX-HPLC method. In all cases, degradation product linearity was satisfactory (R 2 > 0.998). To demonstrate the RP-and SCX-HPLC method limits of quantitation for pramlintide degradation products, the spiked solutions described above were assayed (using area normalization) for degradation product content. Table 8 shows the experimental results for the RP-HPLC method and supports a quantitation limit of 0.1% for 5 of the 6 tested degradation products. a. There is no detectable impurity peak at RRT = 0.86 by the RP-HPLC method b. There is no detectabel impurity peak at RRT = 1.09 by the SCX-HPLC method. c. There is no detectable impurity peak at the indicated retention time in this lot of pramlintide. 99.2 ± 0.9 103 ± 2 97.9 ± 2 103 ± 7 98.5 ± 3 77.1 ± 21
Mean ± %RSD (1 to 0.05% Spike)
98.1 ± 3 104 ± 2 97.1 ± 2 102 ± 7 96.2 ± 6 70.3 ± 29
a. Expressed as a percentage of intact pramlintide peak. b. Mean and %RSD for five injections, except for 0.10% and 0.05% spike levels (three injections). c. RRT = retention time relative to intact pramlintide.
The exception, pramlintide dimer, has a quantitation limit of approximately 0.25% by the RP-HPLC method. Table 9 shows the results for the SCX-HPLC method and supports a quantitation limit of 0.1% for all 6 of the tested degradation products. 
93.4 ± 7 99.9 ± 3 97.2 ± 4 94.8 ± 5 89.1 ± 16 106 ± 3
92.0 ± 7 104 ± 9 100 ± 8 96.5 ± 6 86.3 ± 16 102 ± 9
To demonstrate recovery of degradation products after the solid-phase extraction procedure used for drug product samples, a pramlintide solution spiked to approximately 1.0% with 5 degradation products was analyzed by RP-HPLC and SCX-HPLC before and after application of the solid-phase extraction procedure. Tables 10 and 11 summarize the data and demonstrate that,except for pramlintide dimer, which showed somewhat lower recoveries, the degradation product determinations were essentially unaffected by the solid-phase extraction step. The control sample was not subjected to the solid-phase extraction step. 
Method Selectivity
Extensive studies with the RP-and SCX-HPLC methods demonstrated suitable resolution for both methods with respect to separating pramlintide from various related substance impurities in drug substance synthesis lots and degradation products from stress testing of drug substance. For brevity, these data are not shown. Rather, to demonstrate overall selectivity for the RP-HPLC method, Figure 8 shows a representative chromatogram for a force-degraded pramlintide injection drug product sample (86% of initial purity remaining). Figure 9 shows the corresponding SCX-HPLC method chromatogram for the same force-degraded drug product sample. Note the distinctly different "fingerprints" for the 2 methods and the large number of species that resolve from the intact pramlintide peak in both methods.
A comparison of Figure 8 with Figure 4 (the corresponding RP-HPLC method chromatogram for force-degraded working reference standard solution) shows comparable fingerprints and indicates that the solid-phase extraction sample preparation step used for drug product samples does not significantly perturb the hydrolyt ic degradation product profile.
A previous report [10] identified degradation products that result from 40° C stress testing of pramlintide injection drug product samples. Table 12 lists the identified pramlintide injection degradation products and their retention times (relative to pramlintide) by the RP-and SCX-HPLC methods. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] fragment elutes with RP-HPLC RRT = 0.43 and SCX-HPLC RRT = 1.27. Note also that several species do not resolve from pramlintide (RRT = 1.0) by one HPLC method but resolve well by the other. Thus, by applying only the 2 orthogonal HPLC methods it is possible to be highly confident of detecting all the degradation product species. Table 13 shows relative retention time data for authentic samples of 7 different pramlintide diastereomers. As also seen for the degradation product analyses summarized in Table 10 , the data in Table 13 demonstrate different RP-and SCX-HPLC selectivities for several of the D-isomers. 
DISCUSSION
The RP-HPLC method developed for pramlintide purity analysis uses conventional column material and mobile phase compositions. The long isocratic portion of the gradient program affords excellent separation between pramlintide and its degradation products and related substance impurities, albeit at the expense of a relatively long run time.
The SCX-HPLC method was chosen in anticipation [5] [6] [7] [8] of deamidation as the primary degradation mode for the pramlintide drug product. Deamidation reactions at asparagine, glutamine, and C-terminal tryosine amide yield a unit charge decrease for the molecule at acidic pH, suggesting ion exchange chromatography as an appropriate separation mode for analysis. As with the RP-HPLC method, the SCX-HPLC method employs a lengthy isocratic section in the gradient program and features a relatively long run time.
Although the long run times are impractical, it was possible to simplify the overall analysis scheme and achieve significant operating efficiencies by developing two methods that share a common sample preparation and that apply both to drug substance and drug product samples.
Concerning RP-and SCX-HPLC method quantitative performance, Tables 5 through 9 demonstrate that the methods perform satisfactorily with respect to accuracy, linearity, recovery, limit of quantitation, and precision (repeatability and reproducibility). Similarly, Tables 8 and 9 demonstrate suitable recovery and precision for 6 different degradation products at levels as low as approximately 0.1% of intact pramlintide. A possible exception is the pramlintide dimer (the latest-eluting species by both the RP-and SCX-HPLC methods). Tables 8 and 9 demonstrate reasonable recovery and precision for pramlintide dimer at levels as low as approximately 0.25%.
Figures 8 and 9 demonstrate the complexity of analyzing degraded pramlintide drug product samples and also give some evidence for differential selectivity between the RP-and SCX-HPLC methods based on the distinctly different chromatographic profiles for identical samples. ] species however, resolve poorly from pramlintide on both SCX-HPLC and RP-HPLC methods, indicating that isomerization near the N-or Ctermini of the pramlintide molecule does not form a ready basis for diastereospecific separation.
In summary, the complexity of quantitating low levels of closely structurally related impurities and degradation products in the 37− amino acid peptide, pramlintide, requires application of very highly selective HPLC techniques. Additionally, more complete characterization of pramlintide impurity and degradation product profiles is provided by multiple methods that provide some orthogonality with respect to separation mode. The RP-and SCX-HPLC methods described herein adequately satis fy these analytic requirements.
